Kinesin superfamily motor protein 17 (KIF17) is a candidate transporter of N-methyl-D-aspartate (NMDA) receptor subunit 2B (NR2B). Disruption of the murine kif17 gene inhibits NR2B transport, accompanied by decreased transcription of nr2b, resulting in a loss of synaptic NR2B. In kif17 À/À hippocampal neurons, the NR2A level is also decreased because of accelerated ubiquitin-proteasome system-dependent degradation. Accordingly, NMDA receptor-mediated synaptic currents, early and late long-term potentiation, longterm depression, and CREB responses are attenuated in kif17 À/À neurons, concomitant with a hippocampusdependent memory impairment in knockout mice. In wild-type neurons, CREB is activated by synaptic inputs, which increase the levels of KIF17 and NR2B. Thus, KIF17 differentially maintains the levels of NR2A and NR2B, and, when synapses are stimulated, the NR2B/KIF17 complex is upregulated on demand through CREB activity. These KIF17-based mechanisms for maintaining NR2A/2B levels could underlie multiple phases of memory processes in vivo.
INTRODUCTION
The kinesin superfamily (KIF) of proteins consists of microtubulebased motor proteins acting in the transport of membrane organelles, protein complexes, and mRNAs (Hirokawa et al., 2010; Schliwa, 2002) . All superfamily members share a common globular motor domain, which contains microtubule-binding and ATP-binding sequences. The remaining portions of the KIFs are greatly diverged, presumably allowing association with multiple classes of cargo molecules (Hirokawa and Takemura, 2005) . A total of 45 murine and human KIFs have been identified so far and classified into 14 large families, termed kinesin 1 to 14 (Lawrence et al., 2004; Miki et al., 2001) . Of particular interest is that some KIF members are implicated in the transport of neurotransmitter receptors. Among them, kinesin superfamily protein 17 (KIF17), a molecular motor expressed abundantly in mammalian neurons, is suggested to transport N-methyl-D-aspartate receptor subunit 2B (NR2B)-containing vesicles in neuronal dendrites (Hirokawa et al., 2010; Setou et al., 2000) .
The N-methyl-D-aspartate (NMDA) receptor channel, which is highly permeable to calcium ions, functions as a switch for memory formation by gating synaptic plasticity Tang et al., 1999; Tsien et al., 1996) . It is composed of hetero-oligomers of NR1, NR2, and, occasionally, NR3 subunits (Carroll and Zukin, 2002; Dingledine et al., 1999) . In the adult mouse hippocampus, NR2A and NR2B are the predominant NR2 subunits, and the pattern of their combination and dynamic regulation determines many of the biophysical and pharmacological properties of NMDA receptors (Lau and Zukin, 2007; Monyer et al., 1994; Watanabe et al., 1993) . At synapses in the brain, activation of postsynaptic NMDA receptors triggers complex events, including cAMP-response element binding protein (CREB)-dependent transcription, which has been implicated in the memory systems of organisms ranging from Aplysia to mammals (Bourtchuladze et al., 1994; Impey et al., 1998; Mizuno et al., 2002; Pittenger et al., 2002) . Importantly, before exerting their physiological roles, newly synthesized NMDA receptors must be transported into dendrites and localized to synapses. Thus, the intracellular trafficking and synaptic targeting of NMDA receptors should be one of the prerequisites for NMDA receptor activity (Lau and Zukin, 2007; O'Brien et al., 1998) . However, little is known about the precise roles and mechanisms of NMDA receptor transport in vivo.
In the present study, we determined that KIF17 is critical to maintain NR2A/2B levels in different manners and that it is required for multiple processes of long-term memory formation in the mammalian brain. Furthermore, we found that NR2B receptor supply is augmented on demand through a reciprocal interaction between CREB and NR2B/KIF17. Thus, our data suggest that KIF17 is critical for a complex regulatory mechanism involving cargo transport, nuclear transcriptional signaling, and protein degradation that controls the levels of NR2A/2B.
RESULTS

Reduced Levels of Hippocampal NR2 Subunits in kif17 -/-Mice
We generated mice with a disrupted kif17 gene using a poly(A) trap strategy (see Figures S1A-S1C available online). Absence of KIF17 in kif17 À/À mouse brain was verified by immunoblotting with a polyclonal antibody against KIF17 ( Figure S1D ). The kif17 À/À mice grew normally without any gross anatomical defects in brain .
Immunoprecipitation demonstrated that KIF17 interacts with NR2B but not with NR2A in hippocampal extracts ( Figure 1A ; Setou et al., 2000) . The level of NR2B protein in the hippocampi of kif17 À/À mice was decreased to 42% of that in kif17 +/+ mice ( Figure 1B ). There was also a reduction in the levels of NR2A and Mint1 (a scaffolding protein that binds to KIF17 to mediate NR2B transport; Setou et al., 2000) , but no change in the levels of other related proteins (Figures 1B and S2A) . The levels of nr2b mRNA in the hippocampi of kif17 À/À mice were decreased compared with those in control mice, but the levels of nr2a mRNA were not ( Figure 1C ). An RNA stability assay, using cultured hippocampal neurons treated with actinomycin D (10 mg/ml, an inhibitor of mRNA transcription), revealed no difference in the half-lives of both NR2B mRNA and NR2A mRNA between kif17 +/+ and kif17 À/À neurons ( Figures 1D-1F ). Immunoreactivities for NR2B and NR2A in the hippocampal CA1 region of kif17 À/À mice were reduced compared with those in control mice ( Figure S2B , upper panel and middle panel). Biochemically, kif17 deletion reduced the levels of NR2B and NR2A in synaptosomal membrane fractions by 43% and 22%, respectively, compared with those in kif17 +/+ mice ( Figures 1G, S2C , and S2D). These data indicate that the amounts of synaptic NR2B and NR2A are decreased in kif17 À/À mouse hippocampal neurons.
Loss of Synaptic NR2 Subunits in kif17 -/-Neurons
To study NR2B/2A localization in kif17 +/+ and kif17 À/À mouse neurons in detail, we performed immunocytochemistry using hippocampal cultures. The lack of KIF17 resulted not only in a decreased density of NR2B/2A-positive clusters along dendrites, but also in a reduced size of NR2B/2A clusters in neurons (Figures 2A-2F ). The synaptic loss of NR2B/2A was rescued by expressing GFP-tagged wild-type KIF17 vector (SSS-17), but not by expressing a vector encoding a GFP-tagged mutated KIF17 that does not bind to cargoes (SDS-17; Guillaud, et al., 2008 ; Figure S3 ). In contrast, overexpression of NR2B could not rescue the synaptic loss of NR2A in kif17 À/À neurons, suggesting that KIF17-mediated NR2B trafficking is required to maintain the synaptic level of NR2A ( Figure S4 ). We also examined the localization of Mint1, and a redistribution of Mint1 out of synapses, with accumulation in the soma, was observed in kif17 À/À mouse neurons ( Figures S5A-S5C ). The synapse density and the localizations of synaptophysin, GluR1, and cyclic-nucleotide gated ion channel (CNGA2, a candidate KIF17 cargo; Jenkins et al., 2006) were unchanged in kif17 À/À mouse neurons (Figures 2A, 2D , and S5D-S5K). These results suggest selective reductions in the number of NR2B/2A-containing synapses and the amount of synaptic NR2B/2A in the dendrites of kif17 À/À mouse neurons.
Altered NR2B Transport in kif17 -/-Neurons Next, we investigated the possible alteration in receptor trafficking in kif17 À/À mouse neurons by live imaging of NR2 subunits tagged with EGFP (Barria and Malinow, 2002) . NR2B-EGFP or NR2A-EGFP was coexpressed along with untagged NR1 (splice variant NR1-1a) in cultured hippocampal cells because assembly with the NR1 subunit is essential for NR2 subunits to be transported from cell bodies to synapses (Fukaya et al., 2003) . NR2B and NR2A were overexpressed to similar extents in kif17 +/+ and kif17 À/À neurons ( Figures S6A and S6B ).
Time-lapse recordings revealed that most NR2B clusters (90%) were moving in kif17 +/+ neurons (Figures 2G-2J ; Movie S1).
Motility was categorized into three groups (vibrating, anterograde, and retrograde) ( Figure 2I ). The velocity of anterogradely transported clusters in kif17 +/+ neurons was 0.71 ± 0.04 mm/s ( Figure 2J ), which is comparable to that of KIF17 movement described in a previous report (Guillaud et al., 2003) . By contrast, in kif17 À/À neurons, fewer NR2B-EGFP clusters (49%) were mobile ( Figure 2I ) and the velocity of anterogradely transported clusters was decreased (0.22 ± 0.02 mm/s) ( Figure 2J ) compared with that in kif17 +/+ neurons. Cell-surface expression of NR2B-EGFP in kif17 À/À neurons was reduced compared with that in kif17 +/+ neurons ( Figures S6C and S6D ). On the other hand, movement of NR2A-EGFP was not affected by disruption of the kif17 gene (Figures 2K-2N ; Movie S2). Together, these data suggest that transport of NR2B is impaired in kif17 À/À mouse neurons but that of NR2A is unchanged.
Differential Downregulation of NR2B/NR2A Levels in kif17 -/-Mouse Neurons
To further gain insight into the molecular events underlying the changes in the levels of NR2A/NR2B in kif17 À/À mice, we first examined the turnover rate of NR2 subunits in kif17 À/À hippocampal cultures treated with cycloheximide (20 mg/ml), a translational inhibitor (Hatanaka et al., 2006) . Cycloheximide treatment did not affect cell viability, as revealed by 5-chloromethylfluorescein diacetate (CMFDA) labeling (data not shown). The half-life of NR2A was significantly decreased, but that of NR2B was unchanged in kif17 À/À mouse neurons ( Figures 3A-3C ). These findings suggest that the level of NR2B in kif17 À/À neurons is downregulated at a transcriptional level ( Figures 1C-1F ), but that of NR2A is downregulated at a posttranslational level. Ubiquitin targets many neuronal proteins for degradation by the proteasome or lysosome complexes and thereby participates in the regulation of synaptic function (Tai and Schuman, 2008; Yi and Ehlers, 2007) . We addressed whether ubiquitination is involved in NR2A degradation. NR2A was immunopurified from hippocampal neuronal lysates and probed for ubiquitin. Obvious NR2A polyubiquitin labeling was detected in MG132 (a proteasomal inhibitor)-treated wild-type cells ( Figure 3D ), indicating that NR2A is degraded through the ubiquitin-proteasome pathway. Furthermore, in kif17 +/+ hippocampal cultures treated with cycloheximide, a reduction in NR2 subunit protein levels was prevented by two different proteasomal inhibitors (lactacystin, 10 mM, and MG132, 10 mM), but not by lysosomal inhibitors (leupeptin, 100 mg/ml, or chloroquine, 200 mM) ( Figures  3E-3G) . Strikingly, the rapid reduction in NR2A protein level in kif17 À/À neurons was inhibited by blocking proteasome activity ( Figures 3E and 3F ). We next visualized the degradation dynamics of NR2A/2B using NR2A-PA-GFP or NR2B-PA-GFP (NR2A or NR2B fused with a photoactivatable GFP [PA-GFP]; Patterson and Lippincott-Schwartz, 2002) . After being introduced into hippocampal neurons, NR2A-PA-GFP was photoactivated, and the progressive loss of the fluorescence was observed over time in the cell bodies and dendrites of kif17 3M ). These observations suggest that the ubiquitin-proteasome system-dependent loss of NR2A is accelerated in the dendrites of kif17 À/À mouse neurons.
Next, we examined the functional relationships between NR2A and NR2B, because recent work has shown that the synaptic localizations of NR2A and NR2B correlate with each other in neurons under activity-dependent regulation and also that NR2B is essential to maintain NR2A level in neurons (Barria and Malinow, 2002; Kim et al., 2005) . We developed an NR2B miRNA construct that effectively reduced the level of endogenous NR2B in primary hippocampal neurons (Figures 4Aa-4Af and 4C). NR2A immunoreactivity was remarkably suppressed in neurons in which NR2B was knocked down (Figures 4Ba-4Bf and 4D; Kim et al., 2005) . To determine whether the ubiquitin-proteasome pathway is required for the NR2B miRNA-induced loss of NR2A, we treated NR2B miRNA-transfected cells with the proteasome inhibitor lactacystin and monitored the NR2A level immunocytochemically. Importantly, NR2A localization in neurons was restored in the presence of the proteasome inhibitor (Figures 4Bm-4Br and 4D), suggesting that the downregulation of NR2A following NR2B knockdown is dependent on the ubiquitin-proteasome system. On the other hand, chronic blockade of neuronal activity by ifenprodil (3 mM) or TTX (1 mM) caused a significant decrease in NR2A levels in cultured hippocampal neurons, whereas NR2B levels were increased by prolonged activity blockade (Figures 4G and 4H) . To test the possibility that ubiquitin-dependent degradation is also involved in the decrease in NR2A level caused by activity blockade, NR2A subunits were immunoprecipitated from lysates of cultures treated simultaneously with ifenprodil (3 mM) and actinomycin D (10 mg/ml) for 24 hr and probed for ubiquitin. Treatment of neurons with ifenprodil and actinomycin-D increased the abundance of ubiquitinated NR2A relative to the levels in neurons treated with actinomycin-D alone ( Figure 4I ). Consistently, examination of total cell extracts showed a loss of NR2A protein following ifenprodil and actinomycin D treatment, which was not seen following of neurons with actinomycin D alone ( Figures 4J and 4K ). These results suggest that the ubiquitin pathway participates in this activity-regulated decrease in the levels of NR2A.
Impaired NMDA-Mediated Synaptic Currents and Plasticity in kif17 -/-Mice
To evaluate the functional changes in kif17 À/À mouse neurons,
we performed electrophysiological analysis of acute slices from the hippocampal CA1 region. The input-output relationships between Schaffer collateral fiber excitability and the slopes of field excitatory postsynaptic potentials (fEPSPs) ( Figure 5A ), paired-pulse facilitation (PPF) ( Figure 5B ), and the currentvoltage relationships of NMDA receptor channel currents (Figure 5C) were not different between kif17 +/+ and kif17 À/À slices.
Importantly, NMDA receptor-mediated excitatory postsynaptic currents (EPSCs), expressed as the ratio of NMDA to AMPA EPSC amplitudes (Sakimura et al., 1995) , were reduced in Figures 5D-5F ).
We next examined NMDA receptor-dependent synaptic plasticity in kif17 À/À mice. First, we compared the levels of early longterm potentiation (E-LTP), which was induced by a single train of tetanus (100 Hz for 1 s) and is thought to be a local modification in the stimulated synapses (Frey and Morris, 1997) . A decrease in E-LTP was observed in kif17 À/À slices compared with kif17 +/+ slices (LTP magnitude at 60 min, kif17 +/+ : 155.6% ± 5.3%, n = 12; kif17 -/ : 103.0% ± 5.0%, n = 12) ( Figure 5G ). Second, we examined late LTP (L-LTP), characterized by its dependency on protein and mRNA synthesis (Frey and Morris, 1997; Martin et al., 2000) , which was induced by four trains of tetanus delivered 5 min apart. In accordance with prior reports (Costa-Mattioli et al., 2007; Kelleher et al., 2004) , treatment of control slices with anisomycin and actinomycin-D caused distinct patterns of inhibition of L-LTP ( Figure 5H ). In slices from kif17 +/+ mice, the stimulation elicited a sustained L-LTP, whereas kif17 À/À slices exhibited a progressively decaying potentiation throughout the duration of recording (L-LTP magnitude at 210 min, 187.4% ± 11.0% in kif17 +/+ , n = 8, versus 115.9% ± 7.0% in kif17
, n = 8) ( Figure 5I ). Finally, we examined long-term depression (LTD), a different form of synaptic plasticity. A low frequency train of 1 Hz for 15 min failed to evoke LTD in kif17 À/À slices (fEPSP slope at 45 min after train, 84.4% ± 5.9% in kif17
, n = 12, versus 109.5% ± 8.9% in kif17 À/À , n = 12) ( Figure 5J ). In summary, our electrophysiological analysis suggests that the kif17 À/À mice have a defect in NMDA-dependent synaptic activity and related neuronal plasticity.
Kif17
-/-Mice Exhibit Memory Deficits
Next, we conducted various memory tasks to evaluate the learning abilities of kif17 À/À mice. We first measured the recognition memory of kif17 À/À mice using the novel object recognition task, which is thought to be dependent on hippocampal function (Cassaday and Rawlins, 1997; Myhrer, 1988; Tang et al., 1999) . Two groups of mice spent the same amount of time exploring two identical objects during training sessions ( Figure 6A) , revealing a normal level of locomotor activity and curiosity in kif17 À/À mice. After training, the mice were sequentially tested at multiple retention intervals. The kif17 +/+ and kif17 À/À mice showed similar preferences for the novel object in the 30 min, 1 hr, and 2 hr retention tests ( Figure 6B ). By contrast, in the 6 hr and 1 day retention sessions, kif17 +/+ mice showed a significant preference for the novel object, whereas kif17 À/À mice exhibited decreased preference for the novel object ( Figure 6B ; Movie S3). Next, we subjected kif17 À/À mice to the Morris water maze (Sakimura et al., 1995; Silva et al., 1992) to test their hippocampusdependent spatial learning abilities. Both groups of mice swam at a normal velocity ( Figure 6C ). In the visible-platform test, kif17 À/À mice performed as efficiently as kif17 +/+ mice. However, in the hidden-platform test, kif17 À/À mice displayed a longer latency to locate the platform than kif17 +/+ mice ( Figure 6D ; Movie S4). In the subsequent probe test, the navigation of kif17 À/À mice was random, and their searching in the target quadrant was not as selective as that of the kif17 +/+ mice ( Figures 6E and 6G) .
Furthermore, the kif17 À/À mice crossed the platform less often than the kif17 +/+ mice ( Figures 6F and 6G ).
We next tested contextual fear memory by assessing the freezing behavior of mice in the same environmental context (Bourtchuladze et al., 1994) . Contextual fear memory is dependent on the hippocampus (Kim and Fanselow, 1992; Phillips and LeDoux, 1992) and kif17 À/À mice, because it is reported that OSM-3, a C. elegans homolog of KIF17, is an ''accessory'' intraflagellar transport (IFT) motor that is required for olfactory cyclic nucleotide-gated channel targeting (Evans et al., 2006; Jenkins et al., 2006) . We did not find any abnormality in the olfactory learning of kif17 À/À mice compared with kif17 +/+ mice (data not shown).
Together, our behavioral observations demonstrate a hippocampus-dependent memory disturbance in kif17 À/À mice. See also Figure S7 for the results of the NR2B-PA-GFP experiments.
phosphorylation of cAMP-response element binding protein (CREB). Our previous results suggest a functional interaction between KIF17 and CREB (Wong et al., 2002) . We assessed the phosphorylation of CREB at S133 (pCREB), which can be triggered through NMDA receptor-mediated calcium influx (Lonze and Ginty, 2002; West et al., 2002; Zhu et al., 2002) controls. Together, these data suggest that CREB phosphorylation in response to synaptic activity is dependent on KIF17 in cultured neurons and in the brain in vivo. Next, we examined the levels of pCREB, KIF17, NR2A, and NR2B before and after water maze training. In naive mice, we observed a slight reduction in hippocampal pCREB levels in kif17 À/À mice compared with kif17 +/+ mice ( Figures 7J and 7K ).
After water maze training, the levels of pCREB, KIF17, NR2B and NR2A increased in kif17 +/+ mice, but those of KIF5B, total CREB, and tubulin did not ( Figures 7J and 7K ). This increase in pCREB, NR2B, and NR2A levels was not observed in kif17 À/À mouse brains (Figures 7J and 7K ). These data suggest that the levels of NR2A, NR2B and KIF17 are upregulated in response to synaptic inputs.
To further examine the transcriptional control mediated by CREB, we tested the effects of constitutively active and dominant-negative forms of CREB (CREBYF and CREBSA, respectively) ( Figure 8A ; Dong et al., 2006; Du et al., 2000) . We first confirmed their abilities to induce CRE-mediated transcription using a transient transfection assay in HEK293 cells. When cotransfected with a CRE-luciferase reporter plasmid, CREBSA significantly inhibited CREB activity in cells; by contrast, CREBYF was five times more active than CREBWT ( Figure 8B ). Acute expression of constitutively active CREB in hippocampal neurons increased the protein levels of KIF17, NR2B, and NR2A ( Figures 8C and 8D ). The kif17 and nr2b mRNA levels were also increased, but the nr2a level was not ( Figures 8E and 8F ). Inhibition of CREB activity by expression of a dominant-negative form of CREB caused significant decreases in the mRNA and protein levels for NR2B and in the mRNA level for KIF17 ( Figures 8E  and 8F ). These data suggest that activation of CREB upregulates KIF17 and NR2B by increasing the transcription of each coding gene, but that other mechanisms underlie the increase in the level of NR2A.
DISCUSSION
Cargoes Transported by KIF17 KIF17 has been implicated in the transport of NR2B subunits (Guillaud et al., 2003; Setou et al., 2000) . Consistently, our results revealed a decreased level of motility of NR2B-EGFP clusters (Figures 2G-2J ; Movie S1), but normal motility of NR2A-EGFP clusters (Figures 2K-2N ; Movie S2) in kif17 À/À mouse neurons.
These data suggest that KIF17 transports the NR2B subunit, but not the NR2A subunit. The NR2A subunit is likely to be transported by a different molecular motor. Recent papers have shown data suggesting that Kv4.2 and other neurotransmitter receptors, namely GluR5 and KA2, might and with or without ifenprodil (Ifen, 3 mM) for 24 hr, and NR2A was immunoprecipitated then subjected to probing for ubiquitin. Total cell extracts were also immunoblotted for NR2A and KIF5B. For all statistical analysis, data (means ± SEM) were obtained from three independent experiments (*p < 0.05; two-tailed t test or post hoc test). also be cargoes for KIF17 (Chu et al., 2006; Kayadjanian et al., 2007) . We studied the expression of Kv4.2, GluR5, and KA2 in the kif17 À/À mouse hippocampus. No significant differences in the levels of these proteins were observed between kif17 +/+ and kif17 À/À mice ( Figure 1B) . One possibility is that some molecular motors other than KIF17 support the transport of these proteins, compensating for the loss of function of KIF17 in kif17 À/À neurons.
Decreased Levels of NR2A and NR2B in kif17 -/-Mouse Neurons Interestingly, significant reductions in the levels of both NR2B and NR2A in kif17 À/À mouse synapses were observed ( Figures   1G, 2A-2F , and S2B). Further analysis revealed that the level of NR2A in kif17 À/À mouse neurons is downregulated at a posttranslational level, but that of NR2B is downregulated at a transcriptional level ( Figures 1B-1F and 3A-3C). The NR2A level is decreased in kif17 À/À mouse neurons due to its accelerated degradation in dendrites ( Figures 3I and 3L ). Consistent with this finding, other investigators have reported that NR2A-containing NMDA receptors are easily degraded (Yashiro and Philpot, 2008) , whereas the NR2B subunit is preferentially driven to a recycling pathway (Lavezzari et al., 2004; Scott et al., 2004) . We also showed that the NR2A degradation is dependent on the ubiquitin-proteasome system ( Figures 3D-3F ). Considering these data together with studies reporting KIF17-mediated NR2B transport (Guillaud et al., 2003; Setou et al., 2000) , it is plausible that the accelerated NR2A degradation is caused by the reduction in NR2B transport in kif17 À/À mouse neurons. Supporting this view, other studies have shown that NR2A-containing receptors replace preexisting synaptic NR2B receptors in an activity-dependent manner (Barria and Malinow, 2002) , and that NR2B is essential to maintain NR2A levels in neurons (Kim et al., 2005) . Consistently, our micro-RNA (miRNA) RNA interference knockdown and pharmacological approaches clearly demonstrated that loss of NR2B function results in decreased levels of NR2A via an increase in the proteasome-mediated degradation of NR2A (Figure 4) . Interestingly, total blockade of neuronal activity by TTX reduced NR2A levels but increased NR2B levels ( Figures 4G  and 4H ), as reported previously (Bessho et al., 1994; Ehlers, 2003; Hoffmann et al., 2000; Philpot et al., 2001; Quinlan et al., 1999) . These data suggest that there are multiple pathways that control the levels of NR2A/2B in vivo.
Based on these data, we consider that the levels of NR2A and NR2B are decreased in kif17 À/À mouse neurons via different pathways, as follows: (1) primarily, a lack of KIF17-mediated transport of NR2B results in a decrease in the level of synaptic NR2B in kif17 À/À mouse neurons. Synthesis of NR2B is downregulated through reduced activity of CREB ( Figure 8G , lower left panel). (2) The decrease in NR2B level facilitates the ubiquitindependent degradation of NR2A. Collectively, downregulation of NR2B and NR2A occurs differentially, but correlatively, in kif17 À/À mouse neurons.
Role of KIF17 in the Memory Process
The encoding of new information is a complicated affair, including several sequential phases such as acquisition, consolidation, and retrieval. Although it was traditionally considered that NMDA receptors are required only for the induction of synaptic plasticity and the acquisition of memory (Hanse and Gustafsson, 1994; Bliss and Collingridge, 1993) , growing evidence suggests that they are involved in a multistage role in memory formation: recent reports using inducible, subregionspecific gene knockout approaches have shown the dynamic engagement of NMDA receptor in the consolidation and storage of memory (Cui et al., 2005; Shimizu et al., 2000; . Furthermore, pharmacological manipulations have also demonstrated an involvement of hippocampal NMDA receptors in both the acquisition and expression of various types of memories (Gao et al., 2009; Quinn et al., 2005) . Kif17 À/À mice exhibited a hippocampus-dependent memory disturbance in several tasks ( Figures 6A-6M ). It is noteworthy that using contextual fear conditioning, a useful tool permitting the study of different temporal phases of memory, we showed that the genetic deletion of kif17 disrupted memory acquisition, as assessed 1 hr after training ( Figures 6H and 6I) . As a gating switch, the decrease in the level of synaptic NMDA receptors in kif17 À/À neurons leads to reductions in E-LTP and LTD ( Figures 5G and 5J ), which should causally relate to the impaired memory acquisition observed in kif17 -/-mice. On the other hand, long-term contextual memory was also attenuated in kif17 À/À mice, as measured at 24 hr and 7 days after training ( Figures  6J-6M ). Importantly, in our electrophysiological study, kif17
slices showed a deficit in L-LTP ( Figure 5I ), a neuronal event mimicking the in vivo process of memory consolidation. Thus, the impaired long-term memory of fear conditioning in kif17
mice may reflect an effect not only on the acquisition of memory, but also on processes related to consolidation. Consistently, further in vitro ( Figures 7A-7C ) and in vivo ( Figures 7D-7K and 8C-8F) experiments identified activity-dependent transcriptional control of the genes encoding KIF17 and NR2B by CREB. This For all experiments, a single slice was used for one animal.
could be the molecular basis underlying the impairment in the consolidation of long-term memory in kif17 À/À mice. Based on these findings, it is considered that kif17 À/À mice have defects in multiple phases of long-term memory formation.
Memory-and CREB-Mediated Transcriptional Control of KIF17 Expression
The level of KIF17/NR2B is increased in response to synaptic inputs. This process is mediated by CREB activation. A functional relationship between KIF17/NR2B and CREB is suggested on the basis of the following evidence: (1) CREB activation was impaired in kif17 À/À mouse neurons ( Figures   7A-7C) . (2) Training for spatial memory formation upregulated KIF17, NR2B/2A, and pCREB in the hippocampus ( Figures  7D-7K) . (3) Absence of KIF17 blocked the upregulation of pCREB, NR2B, and NR2A induced by spatial memory tasks ( Figures 7D-7K) . (4) Expression of a dominant-negative form of CREB suppressed kif17 and nr2b transcription and decreased the amount of NR2B ( Figures 8C-8F) . (5) Expression of constitutively active CREB increased the levels of kif17 and nr2b transcription and increased the levels of KIF17 and NR2B. The NR2A level was also increased without alteration of nr2a transcription ( Figures 8C-8F ). Our previous work provides further supporting evidence, namely, (6) the upstream promoter regions of kif17 and nr2b contain CREB binding sites, and (7) overexpression of KIF17 resulted in an increase in the level of pCREB, concomitant with enhanced spatial memory (Wong et al., 2002) . Taking all of these findings into account, it is suggested that the reciprocal enhancement of KIF17-mediated transport and CREB phosphorylation works in concert to fine-tune synaptic plasticity and thereby is important in memory formation (Figure 8G) . In this scheme, KIF17 acts not only as a mediator for constitutive receptor transport, but also as a key player in the ''augmented NR supply during memory formation'' ( Figure 8G ). In brief, when synapses are activated, transcription of kif17 and nr2b is induced by CREB, resulting in an increase in the levels of KIF17 and NR2B. This increase leads to increased transport and further synaptic accumulation of NR2B. Conversely, in kif17 À/À neurons, failure of the reciprocal regulation between KIF17/NR2B and CREB, as well as the accelerated degradation of NR2A mediated by the ubiquitin-proteasome system, could contribute to the memory disturbances found in kif17 À/À mice.
In conclusion, the present study establishes a role for KIF17-mediated NMDA receptor transport in multiple phases of longterm memory in vivo.
EXPERIMENTAL PROCEDURES
Detailed information is provided in the Supplemental Information. Gene Targeting of kif17, KIF17 Antibody Production, Antibody Use Detailed information is provided in the Supplemental Information.
Immunoprecipitation, Immunoblotting, and Subcellular Fractionation Detailed information about the methods used for immunoprecipitation, immunoblotting, and subcellular fractionation is provided in the Supplemental Information. Subcellular fractionation was conducted as described previously (Dunah and Standaert, 2001 ). See also Figure S8 .
Semiquantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and mRNA Stability Measurement Total RNA was isolated from mouse hippocampi or cultured hippocampal neurons using an Agilent Total RNA Isolation Mini Kit (Agilent Technologies), and semiquantitative RT-PCR was performed as described in the Supplemental Information.
To determine the stability of RNAs for the NR2B and NR2A receptor subunits, hippocampal neuronal cells at 7 days in vitro (d.i.v.) were incubated with actinomycin D (Act D, 10 mg/ml, Sigma) to inhibit transcription. Samples for RNA analysis were collected at 0, 6, 12, and 24 hr, respectively.
Immunohistochemistry
Paraffin sections (5 mm) or microslicer sections (25 mm) through the hippocampus were prepared for immunohistochemistry experiments. Detailed information is presented in the Supplemental Information.
Cell Cultures, Constructs and Transfection, Immunocytochemistry Detailed information is provided in the Supplemental Information.
Live Imaging
To perform time-lapse imaging of NR2B-EGFP and NR2A-EGFP, after 7 days of culture, hippocampal neurons were cotransfected with untagged NR1-1a/NR2B-EGFP or untagged NR1-1a/NR2A-EGFP vectors. Thirty-six to forty-eight hours after transfection, living neurons were observed under an LSM 5 Duo confocal laser-scanning microscope (Carl Zeiss, Germany). Movement of NR2B and NR2A clusters along dendrites was monitored over time, and images were acquired every 4 s. Determination of cluster velocity was performed using high frame-rate acquisition (one frame per second) for 30 s. The path of individual vesicles was traced, and distances were evaluated using LSM 5 Duo software. All images were processed using Photoshop 7.0 (Adobe, San Jose, CA) and further edited as a video file using After Effects (Adobe). The analysis and graphical representation were performed using ImageJ and GraphPad Prism (San Diego, CA).
To monitor NR2 subunit degradation, hippocampal neurons at 7 d.i.v. were transfected with untagged NR1-1a and NR2A-PA-GFP or NR2B-PA-GFP, and then imaged at 10 d.i.v. Upon photoactivation with 405 nm laser light, Figure 8 . Functional Interaction Between KIF17/NR and CREB (A) CREB constructs. CREBWT: wild-type form of CREB; CREBSA: dominant-negative form of CREB with a mutation of S133 to A; CREBYF: constitutively active form of CREB with a mutation of Y134 to F.
Neuron
Molecular Motor KIF17 in Memory Formation fluorescence was observed under 488 nm excitation in NR2A-PA-GFP-or NR2B-PA-GFP-expressing cells. When needed, neurons were pretreated with MG132 (10 mM). Images were captured at 37 C using an LSM5Duo confocal microscope (Carl Zeiss). Each cell was observed for 6 hr. Conditions were kept constant throughout each experiment and between experiments. Protein levels of NR2A or NR2B in neuronal soma and synapses were estimated by normalizing for the intensity of PA-GFP fluorescence.
Cell Surface Biotinylation Assay Hippocampal neurons at 6 d.i.v. were cotransfected with untagged NR1-1a and NR2B-EGFP. After 48 hr, cell surface proteins were biotinylated with Sulfo-NHS-SS-Biotin and isolated with NeutrAvidin beads using a cell surface protein isolation kit (Pierce Biotechnology), as described in the manufacturer's protocol. Bound proteins were then eluted with SDS-PAGE sample buffer (containing 50 mM DTT) and processed for Western blotting analysis. The data were quantified by measuring surface receptor to total receptor band intensity ratios using ImageJ software, and the mean ± SEM values were obtained from three independent experiments.
Turnover Analysis
Cultured hippocampal neurons (7 d.i.v.) were treated with 20 mg/ml cycloheximide (CHX, Sigma) for 0, 6, 12, and 24 hr. Cells were harvested and probed with anti-NR2A, NR2B and tubulin antibodies. Values are average signal intensities (means ± SEM) for NR2A or NR2B compared with the signal intensity for tubulin and normalized to 100% at time 0; values were obtained from six independent experiments. At the indicated time, cells were labeled with 4.0 mM CMFDA (Molecular Probes), a fluorescent tracer that diffuses through the membranes of live cells, and the numbers and densities of CMFDA-positive cells were calculated.
Electrophysiology
Transverse hippocampal slices from mice (25-35 days old) were rapidly prepared and incubated in artificial cerebrospinal fluid (ACSF). For the EPSCs and fEPSP recordings in the CA1 region, detailed information is provided in the Supplemental Information.
Behavioral Tests
Adult kif17 +/+ and kif17 À/À male mice (10-12-week-old littermates, n = 12)
were used throughout the behavioral tests. One-way ANOVA and a post hoc Duncan's test were used to determine the effect of genotype on behavioral preference.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, five movies, and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.neuron.2011.02.049.
